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An accurate optics model of the CPS ring in the extraction region, where the lateral
fringe field is highly non-linear, is of importance for transverse emittance preservation
of beams for the future LHC. For that reason, the measured field map at 26 GeV/c of
the CPS magnets has been converted into a two-dimensional polynomial to get a func-
tional form appropriate for subsequent beam trajectory computations. Effects of magnet
shimming, not considered during the magnetic measurements, and changes in the cur-
rents of the pole-face windings have been examined, and the field map has been adjusted
accordingly by means of calculations with the program Poisson. The equation of the
beam trajectory and the transfer matrices through the field map have been derived to
yield an accurate knowledge of the optical parameters at ejection, and thus in the trans-
fer channel between the CPS and the SPS machines. Experimental verification of the
model has been undertaken with the 26 GeV/c beam for the LHC.
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1 INTRODUCTION
The focus of this paper is on the study of the particle motion through
the fringe field of the CPS magnet at 26 GeV/c, which is of signifi-
cance for ejected beams, such as those which will be used during the
LHC time. l High energy proton beams ejected from the CPS ring under-
go the highly non-linear lateral fringe field from the neighboring mag-
net unit downstream from the extraction septum. Earlier approaches2
handle the fringe field effect by converting magnetic measurements of
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the CPS magnets into multipole field coefficients to be used in general
beam optics programs (e.g. MAD) to produce the relevant optical
parameters. One-dimensional least-squares fits were used to derive the
various multipole field components, valid at a reference azimuthal
location within the magnet.
An alternative approach is proposed in this study. Magnetic meas-
urements for the 26 GeV/c extraction were converted into a two-
dimensional polynomial to get a functional form of the field. Hence,
the equations of motion for a single proton passing through the field
map during the ejection process are solved accordingly to yield the
ejection trajectory and the transfer matrices through the field map,
from which the optical parameters may be derived. Other proton ejec-
tion scenarios from the CPS ring (e.g. 24 GeV/c proton slow extrac-
tion) and the 1GeV proton injection in the CPS could be handled in
a similar fashion.
2 CPS LATTICE
The configuration of the CPS lattice is made of ten super-periods
each consisting of ten combined function magnet units interleaved
with eight 1.0 m and two 2.4 m drifts. The structure of each magnet
unit consists of a defocusing half-unit and a focusing half-unit (or two
contiguous focusing and defocusing half-units), separated by a central
junction. The half-units are made of five blocks with small gaps in
between. Multipole field corrections are available by means of the
pole-face winding system (for adjusting the tunes and chromaticities
modified by saturation) and the figure-of-eight-Ioop system (for add-
itional tune changes without affecting the chromaticities) installed on
the pole profile.
Constraints on the ejection septum impose extracting 26 GeV/c
protons at small angles with respect to the central closed orbit. Thus,
the ejection particle trajectory passes very near the central orbit in the
downstream adjacent half-unit and the magnetic field aberrations
remain low. Furthermore, the extracted beam has to cross first a de-
focusing half-unit (open) due to the size of the vacuum chamber. Then,
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the ejection trajectory moves gradually away from the central orbit
when the particles pass through the following focusing half-unit gap
(closed) yielding strong non-linear field aberrations. The field of the
focusing half-unit has been improved by magnetic shimming. Shims
have been installed at various radial positions along the five half-unit
blocks for modeling a constant field in the ejection region. 3
3 FITTING THE FIELD MAP
A new campaign of magnetic measurements has been done in 1992 on
a laboratory CPS magnet unit, for the various operational working
points specified by their main coil current (dipole field level), their
pole-face-winding and figure-of-eight-Ioop currents. The measurements
covered the central field magnet, the end and lateral fringe fields, and
the field in the junction between the two half-units.4 The measured
magnet unit was a defocusing open half-unit followed by a focusing
closed half-unit, with the yoke oriented towards the center of the
ring. Magnetic measurements with Hall probes were performed in a
Cartesian frame with steps of 20 mm along the z-axis (aligned along
the magnet targets) and steps of 10 mm along the x-axis. The map range
is - 0.07 m :S x :S 0.31 m and - 2.55 m :S z :S 2.73 m. Least squares fit of
the discrete field map has been achieved using two-dimensional poly-
nomials of degree 14 in x and z to attain a good precision (Figure l(a)
and (b)). The magnetic measurements have been done on a labora-
tory magnet unit not equipped with shims. Thus, the measured field
map must be adjusted to cope with the shimming effect. To this end,
magnetic fields have been calculated for the five shimmed blocks (and
for the un-shimmed block) by means of the two-dimensional Poisson
program. 5 Polynomial fittings up to degree 25 in x of Poisson output
have been carried out to get a functional form of the computed fields,
from which a correction field function has been derived and applied
to the measured map to yield a reliable field model in the extraction
region (Figure 2(a)).
Two-dimensional polynomials least-squares fit of the corrected
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FIGURE I (a) Fitted field map; (b) fitted gradient map.
functional form of the magnetic field (Figure 2(b)). However, since
the last campaign of magnetic measurements, new working points
have been established for the CPS operation at high energy, using dif-
ferent currents in the pole-face-windings and figure-of-eight-Ioop. It
was then necessary to update the field map model accordingly to keep
reliable beam optics data for the CPS lattice, particularly in the ejec-
tion region where the field aberrations become highly non-linear due
to the fringe field. 6
(a)
(b)
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FIGURE 2 (a) Field in the shimmed blocks; (b) fitted field map including shims.
4 EJECTION TRAJECTORY AND TRANSFER MATRIX
The reference trajectory of an ideal particle (assumed to lie in the
horizontal plane) in a magnetic field By(x, z) and the betatron motion
of an individual particle oscillating about that trajectory are given by
the following non-linear and linear systems of equations respectively7
dx
dz == tan cP, _d(_sin_cP_) __ ~ Bdz - p y
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d(1P cos ¢) = -Kx~+!~P,
dz p p
dX
dz == (Kx - Kz tan ¢)1]
for the variation about that trajectory, where x and ¢ are the hori-
zontal trajectory's position and angle expressed in a Cartesian refer-
ence frame, (~, 1jJ) and (1], X) are small horizontal and vertical deviations
in position and angle about the reference trajectory, ~p is the momen-
tum deviation about the reference momentum, p is the local curvature
radius and Kx , Kz are the field gradients
K _~ dByz-p dz·
The solution of the linear systems for the small-amplitude oscilla-
tions may be expressed in matrix form linking the amplitude-angle
particle coordinates from the field map entrance to the field map exit.
The change of variables q == ~ cos ¢ is needed in the horizontal plane
to fulfill the symplectic conditions.
The CPS ring optics for the 26 GeV/c proton beam has been calcu-
lated with MAD.8 The relevant optical parameters at the field map
entrance have been taken as initial conditions for subsequent field map
computations. Thus, the beam trajectory enters the field map at x ==
91.6mm and ¢==62.6mrad. Ejection trajectory and transfer matrix
computations through the field map have then been executed using
Mathematica. 9 The beam trajectory exits the field map at x == 345.0 mm
and ¢ == 36.4 mrad. The calculated horizontal and vertical transfer
matrices are
(
1.350 5.705 0.079) ( q )
0.083 1.090 0.026 1jJ ,
o 0 1 ~p/p in
( 1]) (0.665 4.878) ( 1] )X out -0.081 0.909 X in'
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from which the optical parameters may be obtained using the expres-
sion for the transformation of the Twiss parameter through a beam
transfer section.
5 EXPERIMENTAL VERIFICATION
The optical parameters at the exit of the field map derived from the
foregoing calculations are shown in Table I, along with, for comparison,
the parameters given by the MAD modeling in which the fringe field
of the CPS magnet is represented by dipole, quadrupole and sextu-
pole field components distributed over the full magnet length. 10
Table II shows the computed optical parameters at the three beam
profile monitors in the TT2 transfer line from CPS to SPS for the field
map and the MAD models. One notes that e.g. the ,a-functions given
by the two models differ by more than 40%.
Experimental verification of the field map model for ejection has
been undertaken by means of transverse emittance and matching meas-
urements in the TT2 and TTIO transfer channels from the CPS to the
SPS, and also in the CPS and SPS rings. The TT2 and TTIO emittance
measurement systems consist of a set of three secondary emission grids
in each plane. The beam width (and height, respectively) Wi is measured
TABLE I Optical parameters at the exit of the fringe field
f3x [m] ax Dx[m] Dx f3y [m] ay
Field map 31.25 -2.71 3.10 0.26 7.11 0.74
MAD model 33.79 -3.37 3.25 0.32 6.13 0.85
TABLE II Horizontal optical parameters at the three beam profile detectors in the
TT2 transfer channel for the field map and the MAD models
SEM-grid Field map model MAD model
f3x [m] ax Dx[m] Dx f3x [m] ax Dx[m] Dx
MSG 257 13.31 1.14 0.90 -0.21 19.13 2.01 1.75 -0.26
MSG 267 10.99 0.20 -1.41 -0.07 7.54 -0.11 -0.99 -0.15
MSG 277 23.07 0.94 -2.51 0.12 32.39 0.93 -2.89 0.09
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at each of the monitors and the emittance is expressed as:
in which c is the beam emittance, ai, 13i and Di are the optical param-
eters of the beam, ~p/p the half-momentum spread and Wi is the beam
half-width (twice the r.m.s. value) at the ith monitor position. The geo-
metric emittance blow-up after filamentation is given bylO
with
~ 1
k = vi(3;0(3; ((3;0 - (3; +j(0.;(3;0 - 0.;0(3;)),
where k is the Inismatch vector and am, 1310 are the Twiss parameters
of the lattice.
To simulate the behavior of beams with large momentum spreads,
such as those required for the LHC, the transverse emittances have been
measured using pencil beams with low momentum spreads (~p/p r;:::j
0.0003, to minimize the impact of the influence of the uncertainty on
the dispersion D i) at different momenta. Measurements (see Figures 3
and 4) have been carried out at four locations: inside the PS and SPS
432
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FIGURE 3 Measured normalized vertical emittances in J.lm along the beam path
(1 = PS; 2 = TT2; 3 = TT10; 4 = SPS) for various relative momentum deviations
(t6.pjp = 0: continuous line; t6.pjp = -0.001: dotted line; t6.pjp = 0.001: broken line).
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FIGURE 4 Measured normalized horizontal emittances in Jlm along the beam
path (1 = PS; 2 = TT2; 3 = TT10; 4 = SPS) for various relative momentum deviations








FIGURE 5 Mismatch inferred from emittance measurements vs. momentum devia-
tion in parts per million (- 0.003 :::; fj"pjp :::; 0.003; vertical plane: continuous line;
horizontal plane: dotted line).
machines, using flying wires, and in the TT2 and TT10 transfer chan-
nels, using the method described above.
Figure 5 shows the mismatch values (characterized by the geometric
emittance increase, expressed in percentage) inferred from the emittance
measurements as a function of the momentum deviation. Beams with
zero momentum deviation (corresponding to the central part of large
momentum spread beams) are correctly matched, below 15% for the
horizontal plane and 5% for the vertical plane. Blow-ups occur as the
momentum deviation of the pencil beams increases (which corresponds
to particles located at the edge of the momentum distribution of beams
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FIGURE 6 Measured relative emittance blow-up in % vs. relative momentum devia-
tion in parts per million (- 0.003 S; fj.p/p S; 0.003; vertical plane: continuous line;
horizontal plane: dotted line).
with large momentum spreads). This is a non-negligible issue to be
considered for the matching of the LHC beam whose energy spread
will amount to ± 0.3%. As it is imperative to avoid emittance blow-
up in the injector chain of the LHC, the compensation of this effect,
possibly by the use of sextupoles in the transfer channel, is under study.
Figure 6 shows the measured relative emittance increase in the SPS
machine.
As a matter of comparison, a similar experimental verification
using the MAD model for ejection has been done for the reference
momentum (i.e. using beams with ~p == 0). The mismatch derived from
emittance measurements was found to be approximately equal to 59%
for the horizontal plane (no result is available yet for the vertical
plane) which is a higher value than the 15% found using the field map
model. This achievement shows that the field map model yields quite
fair results, as errors on the optical parameter estimations may induce
large mismatch errors. Thus, it seems to be suitable to describe ejec-
tion processes through magnet fringe fields. However, further experi-
mental studies need to be done at extraction on the present proton beam
to confirm the validity of the field map model, and to ameliorate the
understanding of the matching in the CPS to SPS transport channel.
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